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We interpret the 2 TeV excesses at the LHC in a left-right symmetric model with Higgs dou¬ 
blets and spontaneous D-parity violation. The light neutrino masses are understood via a linear 
seesaw, suppressed by a high D-parity breaking scale, and the heavy neutrinos have a pseudo-Dirac 
character. In addition, with a suppressed right-handed gauge coupling gn/gL ~ 0.6 in an SO(IO) 
embedding, we can thereby interpret the observed eejj excess at CMS. We show that it can be 
reconciled with the diboson and dijet excesses within a simplified scenario based on our model. 

Moreover, we find that the mixing between the light and heavy neutrinos can be potentially large 
which would induce dominant non-standard contributions to neutrinoless double beta decay via 
long-range A and r] neutrino exchange. 

PACS numbers: 98.80.Cq,14.60.Pq 


I. INTRODUCTION 

The origin of small neutrino mass, as confirmed by 
oscillation experiments [T], is still a mystery in parti¬ 
cle physics. Seesaw mechanisms are the leading candi¬ 
dates among beyond the Standard Model (SM) scenarios 
to explain sub-eV masses of the neutrinos. In the con¬ 
ventional type-I seesaw [2], the SM is extended by three 
SU{2)l singlet right handed neutrinos vr with hyper¬ 
charge Y = 0, while in case of type-II seesaw [3] one 
adds a scalar triplet with hypercharge F = 2 to the 
SM. In either case, the neutrino masses can be given by 
rrii, = y'^{H)'^/M, where M is the seesaw scale set by the 
masses of new particles and y is an effective coupling. 
An important point to be noted in this scenario is that 
the new particles are ad-hoc and their masses are not 
controlled by the SM gauge symmetry SU{2)l x U{1)y- 
Left-right symmetric models [4], on the other hand, are 
extensions of the SM, where both type-I and type-II see¬ 
saw for sub-eV neutrino masses emerge naturally. The 
breaking of left-right symmetry then fixes the scale of 
seesaw M. By embedding the left-right symmetric model 
in a non-supersymmetric grand unified theory (GUT) 
one can find that M can vary from TeV scale to a sub- 
GUT scale depending on the particle content and the 
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pattern of symmetry breaking. While the generic so- 
lution M « 10^"^ GeV and y ~ 1 will result in the ob¬ 
served small neutrino masses, models with relatively light 
M « 100 GeV - 1 TeV have the benefit that they can be 
probed directly at colliders such as the LHG. While this 
seems to require tiny couplings y, extending the heavy 
sterile neutrino sector or taking into account the flavour 
structure will allow the couplings and masses to conspire 
to produce small neutrino masses with large couplings y. 
Rather we discuss here the linear seesaw mechanism [5] 
and its possible implications to neutrino masses, lepton 
flavor violation, neutrinoless double beta decay and Gol- 
lider studies in a class of TeV scale left-right symmetric 
model (LRSM). 

In this paper we propose an extended left-right 
symmetric model (LRSM) based on the gauge group 
SU{2)l X SU{2)ji xU{1)b-l x D with doublet Higgs and 
spontaneous U-parity breaking [B], to explain the light 
neutrino masses via a linear seesaw mechanism. The ex¬ 
tension of the LRSM [3] is provided by a singlet fermion 
S. We show that the suppression of neutrino mass arises 
through the large D-parity breaking scale that generates 
the small scale of lepton number violation, while allow¬ 
ing SU{2)r X U{1)b-l to be broken at the TeV scale. 
We embed the low energy left-right symmetric model in 
a non-supersymmetric S'O(IO) GUT to calculate the dif¬ 
ference between the left and right sector gauge couplings 
gB and after D-parity breaking. 

The main focus of this paper is on the interpretation 
of the various excesses observed at the LHG around the 
energy scale of 2 TeV. Starting with the excess in two 
leptons, two jet eejj final state at GMS [7], which can be 
better understood in our model due to suppressed right- 
handed SU{2)r gauge coupling at the electroweak (EW) 
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scale. In addition, the fact that the heavy neutrinos are 
of Pseudo-Dirac type guarantees that the two leptons in 
the process have opposite sign, in agreement with the 
observation (as has also been noted in Ref. 0). 

Starting with the excess in two leptons, two jet eejj 
final state at CMS [7] , which can be better understood in 
our model due to suppressed right-handed SU{2)[i gauge 
coupling at the electroweak (EW) scale. In addition, the 
fact that the heavy neutrinos are of Pseudo-Dirac type 
guarantees that the two leptons in the process have op¬ 
posite sign, in agreement with the observation (as has 
also been noted in Ref. 0)- 

Although the observation of the eejj excess was one of 
the first motivations to consider LRSMs, subsequent re¬ 
ports of several resonance excesses in different final states 
with a mass around 2 TeV has led to an increased inter¬ 
est in these scenarios. Among them, most notable are, 
the diboson excess [9] in fully hadronic decays of the fi¬ 
nal state bosons as reported by ATLAS, the diboson ex¬ 
cess m in semi-leptonic final state observed by CMS 
and the excess in W boson, SM Higgs final state m 
reported also by CMS. For any LRSM, explaining the 
eejj excess, it is important to have consistency with all 
these excesses as well. It is crucial to note that none of 
these excesses are statistically significant and the results 
of ongoing Run - 2 at 13 TeV are necessary for the con¬ 
firmation. We take into account the above said and few 
other channels to which the model under consideration 
is sensitive and perform a rough simultaneous fit to the 
mass of the heavy neutrino, the right handed W boson 
along with their respective mixing angles. 

The paper is arranged as follows. In Section II, we 
briefly discuss the LRSM with doublet Higgs and spon¬ 
taneous D-parity breaking. Section HI is devoted to the 
calculation of the neutrino mass via the linear seesaw 
mechanism and the consequences for neutrinoless double 
beta decay. Section IV estimates the mismatch between 
the gauge couplings by embedding the low energy LRSM 
in a non-supersymmetric SO(IO) GUT. In Section V we 
then discuss how the various excesses at the LHC can 
be understood in our framework before we conclude in 
Section VI. 


II. LRSM WITH HIGGS DOUBLETS 

In the usual left-right symmetric extension |4] of 
the Standard Model, the gauge group is expanded to 
SU{3)^ X SU{2)l X SU{2)n x U{1)b-l = Glr, where 
B is baryon number and L is lepton number. The elec¬ 
tric charge Q and the hypercharge Y are related to the 
quantum numbers of the group as [1] 

Q = Tsl + T^r H-^ — = T^l + Y . (I) 

The conservation of left-right parity implies that all left- 
handed fermions have right-handed partners. Therefore, 
the model accommodates automatically a right-handed 


neutrino N per family, which is singlet under the SM 
gauge group. 

In the LRSM,the choice of the discrete left-right sym¬ 
metry i.e. either Parity V or charge conjugation sym¬ 
metry C, plays a crucial role. In addition to the usual 
parity of the Lorentz group (denoted by "P), a discrete 
left-right symmetry called D-parity (similar to charge 
conjugation symmetry) that acts on the left-right sym¬ 
metric gauge group is also assumed to be conserved. For 
the usual fermions, i.e. quarks and leptons, these two 
parity operations can be identified with each other. How¬ 
ever, scalar particles, which transform under the Lorentz 
group trivially, can be transformed under the D-parity 
non-trivially, as they belong to non-trivial representa¬ 
tions of the left-right symmetric group. For example, 
in the usual convention, the charge conjugation operator 
of the left-right symmetric group is identified with Im¬ 
parity. Then the D-parity would transform a scalar be¬ 
longing to a representation TZ of the left-right symmetric 
group to a representation TZ*. In that case the break¬ 
ing of D-parity could take place at a different scale than 
the breaking of parity P of the Lorentz group. Since the 
breaking of the left-right symmetric group is always asso¬ 
ciated with the breaking of parity P of the Lorentz group, 
this means that the D-parity breaking scale could be 
decoupled from the left-right symmetry breaking scale. 
Details of left-right symmetric models with spontaneous 
D-parity breaking can be found in [3]. 

The particle content of the model and the gauge trans¬ 
formation under Qlr ^ D is given as follows [12]. The 
fermionic representations are (per generation) 

Ql = = (3,2,1,1/3), Qn = = (3,1,2,1/3), 

4 = = (1,2,1, -1), en = ^ (1,1,2, -1), 

5 =( 1 , 1 , 1 , 0 ). ( 2 ) 

The scalar sector consists of 

^L= (J|) =(l,2,l,l),IIi^= (5^1) =(1,1,2,1), 

‘1’= ^l) =(1,2,2,0), 7?= (1,1,1,0), (3) 

where the quantum numbers inside the parentheses are 
under the gauge group SU{3)c x SU{2)l x SU(2)ii x 
U{1)b-l. The only particle rj is odd under D-parity 
while rest of the particles are even. In the fermion sector 
we have included singlet fermions S', which will eventually 
couple to the left-handed neutrinos. 


A. Symmetry breaking 

The electroweak symmetry is broken by a bi-doublet 
scalar field $, which gives Dirac masses to all charged 



3 


fermions and also to neutrinos. In addition, we intro¬ 
duce a right-handed doublet scalar field Hu and its left- 
right symmetric partner H ^. The former breaks the left- 
right symmetry and mixes the singlet fermion S with 
the right-handed neutrinos, while the field Hl acquires a 
much smaller vev and mixes S with the left-handed neu¬ 
trinos. Finally we add a Z3-parity odd singlet scalar held 
r], whose vev breaks the D-parity while keeping the left- 
right gauge symmetry intact. The symmetry breaking 
pattern can thus be written as mm 

5C/(3)e X SU{2)l X SU{2)ii x U{1)b-l x D 

i iv) 

SUii), X SUi2)L X SUi2)n x U{1)b-l 
HHr) 

SU{3)c X SU{2)l X U{1)y 

i{^) 

SUi3)c X U{l)em . (4) 

We dehne the vevs of the various helds as 

{^)=ki,k 2 , {Hl)=vl, {Hb)=vr, {r])=r]p. (5) 

The scalar potential contains the usual quadratic and 
quartic terms. Several phenomenology aspects of this 
potential were previously discussed in |12| . The terms 
relevant for the purpose of our discussion are given by 

VD^iUHlHB+Hl,HR) 

+ ^iiiHl^HR + Hl^^HL) 

+ ^i2{Hl^HR + H]^^^HL) 

+ M'r,iHlHL-HlHR), ( 6 ) 

with $ = T 2 ^ 1 t 2 while /i^, as the bare mass term for 
scalar doublets and ^ 1 ^ 2 , M' being the trilinear coupling 
parameters having mass dimension one. Minimization of 
this potential with respect to the various helds would give 
us the consistency conditions and relationships between 
the various vevs m- The minimization condition that 
is relevant to our discussions is given as 

dV dV „ 

vr^ -— = 0 

dVL OVr 

^ 2M'ripVLVR - (/iifci -b fi2k2){vp - vl) = 0. (7) 


which allows rjp ^ vr ^ vp- The suppression of the 
vev ul by the iD-parity breaking scale is what suppresses 
the neutrino mass. A representative set of parameters 
would be r]p = 0(10®) GeV, vr — 0(1) TeV and vp = 
0(10“®) GeV which gives rise to correct neutrino masses. 

Due to the spontaneous D-parity breaking, the effec¬ 
tive masses of the left-handed and the right-handed dou¬ 
blet scalar helds Hp and Hr are obtained from Eq. ^ 
as 

A= + M'r]p , = fil- M'r]p . (9) 

Similarly to the D-parity violating conditions in models 
with triplet Higgs scalars [5] , a hne-tuning of the param¬ 
eter M for a given value of the vev of the singlet held t]p 
can allow a right-handed doublet held Hr with mass in 
the TeV range so as to make it accessible at the LHC. At 
the same time, the mass of the left-handed scalar dou¬ 
blet Hp can be several orders of magnitude larger, which 
then implies that the vev of this held must be orders of 
magnitude smaller than the electroweak symmetry break¬ 
ing scale. In this work we will assume that the Higgs 
helds are heavier than the right-handed Wr boson to 
be discussed below. This will simplify the discussion of 
the LHC signatures as the only non-SM particle assumed 
lighter than Wr will be a heavy neutrino. 


B. Gauge bosons 


After spontaneous symmetry breaking of the left-right 
gauge and the D-parity the mass matrix for the left- and 
right-handed charged gauge bosons Wp.Wp is [T^ 




wt 



g'i [k'^ +vl) 

-2gLgRklk2 


-2gpgRkik^ 

9r + 4) 


( 10 ) 


where = |fcip -b |fc 2 p. Diagonalizing the above mass 
matrix, the physical masses of the charged gauge bosons 
are 


-\gl{\k^\^ + \k2\^) , 

^Wr^^9r'>^rj ( 11 ) 


From the above expression it is evident that the minimum 
allows a left-right symmetric solution only for rjp = 0. 
When the D-parity is broken by the vev of the D-parity 
odd singlet scalar (rj) = rjp, the vev oi Hp becomes much 
smaller than the vev of Hp. Defining Mp) as the D-parity 
breaking scale and using allowed model parameters, 

r]p ~ M' ~ Mp,, vr> ki,k2 ^ Mw , 


we obtain 


vp ~ 


-(^ifci -b g.2k2)vR 


( 8 ) 


where gp (gp) is the gauge coupling for gauge group 
SU{2)p {SU{2 )r). The mixing between the left-handed 
and right-handed gauge bosons which can be obtained 
from Eq. ( |Io| ) is 


I sin 




pgR k2/ki 

gh 1 -b kj/kl ■ 


( 12 ) 


Choosing a hierarchy between the vevs of the bi-doublet 
can suppress this mixing, but a mild hierarchy is phe¬ 
nomenologically consistent with fermion masses with 
large hierarchy between respective Yukawa couplings. 


M'rjp 
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With gn/gL ~ 0.6 from the embedding in SO(IO) (cf. 
Section IV) one can get the Wl — Wr mixing around 
10“^ with a Wr mass around 2 TeV as suggested by the 
diboson excess (cf. Section V). 

Similarly, we can write down the mass-squared matrix 
for the neutral gauge bosons and B as [H] 


I / + vl) -gLgRk'^ -ghgsLvl \ 

= -dLgRk'^ gjiik'^ + VR) -gRgsLVR 

\ -gLgsLvl -gRgsLVR g%Li'>jl + vjj) J 

(13) 

where gsL is the gauge coupling for U{1)b-l which is 
related to the U{1)y SM gauge coupling as l/gy = 
+ ^/9bl- It i® clear from the above mass matrix 
that one of the mass eigenvalues is zero as the determi¬ 
nant vanishes and we denote this physical state as pho¬ 
ton. The diagonalization procedure yields SM Z and 
heavy Zr mass eigenstates 

Ml =» + »l) - ^ {cl,k^ - 4 ,vlf ■ 

~ 2^9bl + + 2 {9\c\fk'^ + 9 ‘bls\i'^‘l) > 

(14) 


where sm = sin 6 »m = 9bl/\/9bl + 9% cm = \/l - Sm- 
As we have a hierarchy between the different vevs ac¬ 
cording to vr^ ki,k 2 ^ vr, one can expand the heavy 
gauge boson masses in terms of l/u|j as 


Ml 


1 2 2 /^i k'^ 

29rVr 

2 (Sbl + 9r)vr 


1-b 


-M 


-b 


^m'^l 


^R 


(15) 


For generic gR ^ g^ scenarios, the mass relation between 
the two gauge bosons is given by 


_ _ V^gR/gL _ 

Mwr ^/igR/ghY -tan^ Ow ’ 


(16) 


with the SM weak angle 9w Hence, Mzr > Mwr and 
numerically for gR/gL — 0.6 we have Mzr ~ AMwr- 
Using the above relation one can derive a lower bound 
gR/gL > 0.56. Using 8 TeV ATLAS 20.3 fb“^ luminos¬ 
ity data, the derived bound on Zr is Mzr > 2.2 TeV 
[13j for a range of gR values consistent with the above 
mass relation. It is interesting to note that the ratio of 
couplings needed to reconcile the excesses in our model 
is close to the theoretical limit, making the mass of the 
right-handed Z boson arbitrarily heavier as compared to 
Wr. This means, that the Zr will be potentially out of 
reach at the LHC. 


III. NEUTRINO MASS VIA LINEAR SEESAW 


Let us write down the relevant Yukawa terms in the 
Lagrangian that contribute to the fermion masses [12], 

^Yuk = htiR^iR + hiiR^lR + /rSHrIr 

+ IlSHrIr + gsiSLYSR+ik.c., (17) 

with Hj = iT 2 H* (j = L,R) and 4> = T24’*T2. The 
singlet Majorana field S in Eq. 0 is defined as 

S = {SR + {SRY)/y/2. (18) 


The vevs oi Hr, Hr and $ will generate a mass ma¬ 
trix of the neutral fermions in the Majorana basis = 
{l'r, {vYl,Sr) as 


vr 


>Cmass = {{RrY N {SrY) Mjr | {v^L 

with the neutral lepton mass matrix 


Mn = 


hjki 


~T 

hi k2 


fl^L 

0 m_D niL 


= m 


D 


0 


hiki + hik2 /rVr 

0 Irvr 

IrVr gs 


(19) 


From the interaction Lagrangian given in Eq. ( |17[ ), mo = 
hiki + hik 2 is the Dirac neutrino mass mixing for the left- 
and right-handed neutrino states, M = fR{HR) = JrVr 
is the heaviest Dirac neutrino mass term mixing N-S 
while mR = fR{HR) = fRVR is the small lepton number 
violating term arising from the induced vev oi Hr. 

It is usually difficult to get a small mass /is for the 
singlet held S in any left-right symmetric model, partic¬ 
ularly the ones originating from a Grand Unihed Theory 
(GUT). In the present model, we prevent the bare mass 
of the held S by introducing a global U{l)x symmetry, 
and assigning X = 1 for the held S and X = —1 for the 
helds Hr and Hr. This ensures /is = 0 while allowing 
all other terms in the mass matrix. Although the vev 
of the held Hr breaks the U{l)x global symmetry, this 
cannot generate /is as there are no D-parity even singlet 
scalar helds acquiring vevs in the model. The D-parity 
odd held rj does not have any interaction with the held 
S, and hence, its vev cannot contribute to the mass of 
S. Therefore, the neutrino mass is entirely given by a 
linear seesaw. From Eqs. (^, (19) and with the hierar¬ 
chy M > mo ^ mR we obtain the light neutrino mass 
matrix as 


m^ = 


/iifci + g2k2 
M'gp 

= wYr) M~^mR+ transpose. 


mo {fR^fL)+[fIfR^^) mo 


( 20 ) 
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{Hl) {Hr) ($) 

XXX 


Sl ’^L 

FIG. 1: Majorana mass of the light neutrinos arising through 
the combined vevs of Hl and Hr. 


Additionally, we get two heavy pseudo-Dirac states, 
whose masses are separated by the light neutrino mass, 
given by 


M « ±M -I- nil, 


( 21 ) 


From Eq. (20) it is clear that the light neutrino mass is 


suppressed by the parity breaking scale. The smallness 
of ul thus ensures the smallness of the observed sub-eV 
scale neutrino masses. The SU{2)r x U{1)b-l breaking 
scale vr can be as low as a few TeV. This is in contrast 
to the usual left-right symmetric model without D-parity, 
where the neutrino mass is suppressed by vr and hence 
cannot be brought to TeV scales easily. 

Note that the vevs of Hr and Hr break lepton number 
by one unit individually; thus, their combination gives 
the Majorana nature of light neutrinos. This can also 
be understood from the Feynman diagram as shown in 

Fig.B 


A. Unitarity and lepton flavor violation 

Order-of-magnitude-wise and neglecting any flavour 
structure, we have mo ^ 1 GeV, M ~ 10^ GeV and 
niL ~ 100 eV, resulting in niv of order 0.1 eV. As usual, 
seesaw mechanisms with additional fermions induce vi¬ 
olation of unitarity El- Deflning 0, as the mixing be¬ 
tween light and heavy neutrinos, and e, as a measure of 
deviation from unitarity in the PMNS mixing matrix in 
the light neutrino sector, one can express the leptonic 
mixing matrix as N = (1 -|- gj^P^NS [T5] 

e~-2mD(M^)-i =-20 0^ (22) 

The unitarity violation is therefore of the order m'jy/M'^. 
The off-diagonal e^, er and rt elements of e are currently 
constrained to be smaller than 10“®, 10“^ and 4 x 10“^, 
respectively m- In particular the e/i entry plays a lead¬ 
ing role, as it induces the decay r ey. In fact, the 
branching ratio is given by uni 


study in detail here the flavor structure of the Yukawa 
matrices, but setting Mi = 1 TeV would result in 

BR{r ^ ey) 8.4 x lO-^" • . (24) 

The current limit derived from MEG experiment is 
BR(/i —>■ ey) < 5.7 x 10“^^ [17] giving a similar limit 
on 0 ~ mu/M as the unitarity constraints. 

Since we work in a left-right symmetric framework, 
there are several additional diagrams that contribute 
to low energy lepton flavor violating processes. In the 
present doublet version of the left-right symmetric model, 
the most relevant contribution to /r —> ey is from the loop 
exchange of a heavy right-handed Wr boson and neutrino 
N. With respect to the LHG signatures we will assume 
that there is only one N that dominantly couples to elec¬ 
trons, and that the neutrino generations are aligned with 
the charged lepton flavors. In this scenario we neglect 
the Wr induced flavor violation. 


B. Neutrinoless double beta decay 

LRSMs can give rise to a large number of non-standard 
contributions to neutrinoless double beta decay in 

addition to the standard light neutrino exchange neutri¬ 
nos. Regarding the heavy neutrinos, as they form three 
quasi-Dirac pairs of mass M with essentially negligible 
splitting of order i.e. of order 10“^° GeV, their 
contributions via left- or right-handed currents are neg¬ 
ligible. However, the active neutrinos can couple to the 
right-handed Wr bosons through the LR neutrino mixing 
of order 0 « mp/M. Such contributions are a priori not 
negligible and potentially interesting. Diagrams exist in 
which a light neutrino mediates neutrinoless double beta 
decay by coupling to both the left- and right-handed W 
boson. These contributions, referred to as A and rj di¬ 
agrams [15], are not suppressed by the light Majorana 
neutrino masses, as no helicity flip is required. The for¬ 
mer is suppressed by (VF/IFfl)^ in the amplitude as the 
one of the Fermi interactions in the standard exchange 
is replaced by a right-handed current, whereas the latter 
is suppressed by sin6*)))j from a Wr — Wr mixing. The 
neutrinoless double beta decay amplitudes for these two 
contributions are approximately given by |18j 

< « ^ sin0])),(V™0t)^^. (25) 


Here, [gj ~ 100 MeV is the virtual neutrino momentum 
and the factor 10“^ comes from the nuclear matrix el¬ 
ement as normalized with respect to the light neutrino 
where Mi are the heavy neutral fermion masses and exchange diagram (we assume Germanium as isotope). 
f{Mf/M‘^) is a loop-function of order one. We do not Defining (0)°'^ = |([/^^^®0'l')ee|, the half-life for neutri- 


BR(M^ey) = |^V/f^') 


0 * 0 


(23) 
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noless double beta decay arising from the A and rj dia¬ 
grams can be expressed as 

3 X 10^5 y ^ / {6)0- y / 2TeV y 

T°’' 0.6 J [lO-^oJ \Mw^ ) ’ 

3 X 10^5 y ^ (gn/^V ( /^in 0 ^y 
T °’' '"^ 0.6 J ^ 10 - 5-3 y 10-3 J 

(26) 

These predictions can be compared with the current limit 
T°’' > 3x1025 y on the half-life of neutrinoless double de¬ 
cay . This means that the individual contributions 

would alone begin to saturate the current experimental 
limit for ~ 2 TeV and sin » 10-3 as suggested 
by the LHC excesses (cf. section Q, as well as the po¬ 
tentially large LR neutrino mixin^fl)®'^ « 10-5 — 10-3 
in the linear seesaw. In this conclusion, we neglect pos¬ 
sible cancellations between contributions. In the regime 
suggested by the LHC excesses, the g diagram contri¬ 
bution to neutrinoless double beta decay half-life gives 
the strongest constraint on {6}^'^ and it thus sharply re¬ 
stricts the allowed mixing between the light and heavy 
neutrinos. 


IV. EMBEDDING IN 50(10) AND ql/qr 

Our framework of a LRSM with doublet and bi-doublet 
Higgs fields can be embedded in a non-supersymmetric 
SO(IO) model including gauge coupling unification and 
TeV scale Wr gauge bosons. The breaking scheme, which 
has a Pati-Salam symmetry as an intermediate step can 
be as follows [B] 

r’ n ^ n ^ 

50(101 - >yi2AD - 5 ^ 1/224 - >y221Z - ^ySM - 5 ^ 1/13 

The spontaneous symmetry breaking of 50(10) down to 
low energies is provided by different Higgs multiplets con¬ 
tained in various Higgs representations of 50(10), i.e. 
10//, 16//, 54// and 210//. The first stage of symme¬ 
try breaking 50(10) —)■ 1/224D with g^ = Qr is achieved 
by assigning a non-zero vev to 54-dimensional represen¬ 
tation of 50(10), i.e., (p(l,l,l)) e 54//. Since p is a 
O-parity even scalar and singlet under the Pati-Salam 
gauge group, the latter remains intact even after p taking 
its non-zero vev. The second stage of symmetry break¬ 
ing G 224 D G 224 happens when the O-parity odd scalar 

singlet ( 77 ( 1 , 1 , 1 )) e 210 // acquires a non-zero vev lead¬ 
ing to pl ^ pr. The third stage of symmetry breaking 
^224 —> ^2213 occurs when E(l, 1,15) G 210// takes a non¬ 
zero vev by breaking 5[/(4)c down to SU{3)c xU{1)b-l 
at the mass scale Me- The subsequent step of symme¬ 
try breaking ^2213 down to the SM gauge group ^213 is 
achieved by assigning a non-zero vev to Higgs doublet Hr 
contained in 16//. The final stage of symmetry breaking 
is provided by the SM Higgs doublet contained in 10// of 
50(10). 



FIG. 2: One loop renormalization group evolution of gauge 
couplings with Pati-Salam symmetry G 224 D as the highest 
intermediate symmetry breaking. 


The motivation for considering such a long chain of 
symmetry breaking of 50(10) GUT down to the low en¬ 
ergy theory 17(l)emx SU (3)c is as follows: the inclusion of 
the intermediate symmetry breaking step G 224 D around 
10® — 10^3'5 GeV is to give a small vev to Hr so that the 
light neutrino masses can be explained via a linear seesaw 
mechanism. Moreover, the Pati-Salam symmetry with 
O-parity invariance at the highest intermediate scale en¬ 
sures gauge coupling unification since above this scale 
Mr, (O-parity breaking scale), we have only two gauge 
couplings to evolve, i.e. SU{2)r = SU{2)r and 517(4)c. 
The inclusion of the subsequent intermediate symmetry 
breaking G 224 at Me is required, as this gives a possibil¬ 
ity of explaining the baryon asymmetry of the universe 
via post-sphaleron baryogenesis m- The diquark Higgs 
scalars, if additionally included in the framework, also get 
their masses at Me (~ a few TeV), leading to neutron- 
antineutron oscillation with mixing time close to ongoing 
experimental search limits PTIBB] . The crucial breaking 
step G 2213 —f Gsm occurs at the Mr scale such that one 
can have Mw^ within the TeV range. At the end, the SM 
symmetry breaking via a bi-doublet is needed for provid¬ 
ing correct masses and mixing of fermions as well as to 
give mass to gauge bosons and the Higgs scalar. 

Figure shows the gauge coupling unification, with 
the associated mass scales and the prediction for the 
coupling ratio between the SU{2)r and SU{2)r gauge 
groups near the electroweak scale. However, we have in¬ 
troduced an extra 16/// and 210 /// in addition to the usual 
10//, 16//, 54// and 210// while performing the renor¬ 
malization group evolution in order to achieve the unifi¬ 
cation of gauge couplings. For a detailed discussion on 
the relevant formalism, see Refs. From Fig. 

the various mass scales are found to be Mr = 8 TeV, 
Me = 105 GeV, Mr = 10®'® GeV and Mu = 10 ^ 5.9 
which are consistent with the gauge coupling unification 
while predicting the desired coupling ratio between pR 
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and gn at TeV scale, 

— « 0.57. (27) 

9l 

This analysis should be understood as a demonstration 
that our framework can be implemented in GUTs, and 
as a reminder that left-right symmetric models with im¬ 
parity breaking allow for different gauge couplings 7 ^ 
gn- The latter fact can be used to explain the eejj and 
dijet excesses at the LHC discussed in the next section. 
The scenario discussed here is not the only option to 
achieve differing left and right gauge couplings at the 
TeV scale. Other possibilities are for example explored 
in |30l|3l]. 

V. LHC SIGNATURES 
A. Experimental picture 

One of the most sensitive processes to probe Left-Right 
symmetric models at the LHC is given by heavy right- 
handed W boson and neutrino exchange leading to the 
signal pp —>■ Wr —7 Nlf —>• + 2 jets (THl [5M55] . 

Both the CMS and ATLAS collaborations have reported 
updated bounds on the mass of the right-handed charged 
gauge boson in the LRSM from their analyses of events at 
the center of mass energy y/s = 8 TeV with an integrated 
luminosity of ~ 20 fb’ [a[39]. The two analyses treat 
events with two electron and two muons separately but 
they differ in that the CMS analysis does not differentiate 
between lepton charges, i.e. it includes both opposite 
sign and same sign leptons, whereas the ATLAS analysis 
only considers same sign lepton signatures as expected 
with a pure Majorana neutrino involved in the process. 
Observing no significant excess in either the ee, or pp 
channel, both collaborations quote a lower limit at 95% 
CL on the Wr mass of the order > 3 TeV, for 

Mat « \Mwr- 

The CMS data exhibit an excess in the ee chan¬ 
nel with a local significance of 2 . 8 cr for a Wr mass of 
Mwp. « 2.1 TeV. The excess is seen exclusively in the op¬ 
posite sign channel e“'"e“, with 13 potential signal events. 
Only one same sign electron event was observed [7] . Nei¬ 
ther ATLAS nor CMS attempt to search for lepton fla¬ 
vor violating signatures; instead, the CMS analysis uses 
events to determine the background from data. 
In the following, we attempt to interpret the CMS ex¬ 
cess in our model. This seems especially interesting as 
there have been a number of additional (individually non¬ 
significant) excesses around the energy scale M « 2 TeV 
by both CMS and ATLAS. 

When trying to interpret the excess in terms of res¬ 
onant Wr production and decay via an on-shell heavy 
neutrino, several issues have to be solved: 

(i) The eejj excess is too small when compared to the 
predicted cross section in the minimal LRSM using gR = 
(/L by a factor of « 3 — 4. As first reported in [35], this 


issue is straightforward to understand in LRSMs without 
manifest left-right symmetry and gR « 0 -6gL as is the 
case in our model. 

(ii) Neither ATLAS nor CMS see any excess in same 
sign lepton channels as expected in LRSMs with a pure 
Majorana neutrino where the number of same and op¬ 
posite sign lepton events should be equal. This is eas¬ 
ily reconciled in our model which incorporates Quasi- 
Dirac heavy neutrinos where the relative mass splitting 
« mu/Ai between the Majorana components is vanish¬ 
ingly small and only opposite sign lepton events are ex¬ 
pected. 

(iii) There is no excess in the ppjj channel. In fact 
CMS sees slightly fewer events than expected from the 
background for an invariant mass M^^jj « 1.5 TeV. The 
phenomenologically most straightforward explanation for 
the lack of the pp excess is the assumption that only one 
heavy neutrino is lighter than the Wr and it dominantly 
couples to electrons. This would also mean that the right- 
handed currents are largely aligned with the charged lep¬ 
ton flavors and the heavy mixing matrix would be close 
to unity (neglecting the small non-unitarity). We will 
use this as a working assumption, although other solu¬ 
tions with non-trivial mixing (e.g. to the r lepton) are 
possible [5][in]iiii ^ 

(iv) The CMS collaboration does not see a localized 

excess in the invariant mass distribution of the two jets 
and the sub-leading lepton I 2 as expected from the de¬ 
cay N —>• l 2 jj. Although the leading and sub-leading 
lepton cannot be identified on an event-by-event basis, 
the leptons can be ordered by pr, which should produce 
a characteristic excess distribution in It is not 

clear how significant the absence of such a distribution is 
as its shape will depend on the mass of the heavy neu¬ 
trino in the signal process and the low statistics might 
not allow to draw a conclusion. Another possible ex¬ 
planation is that the signal events are partially gener¬ 
ated in another, kinematically different, signal process. 
An example would be that the neutrino decays in a left- 
handed current process via an on-shell SM W boson as 
discussed below. Alternatively, a second neutrino with 
a different mass and non-trivially coupling to r concur¬ 
rently contributes to the signal [10]. It is worthwhile to 
note that the CMS collaboration also does not see local¬ 
ized excesses in other distributions such as based on the 
invariant masses of other final state particles, e.g. 

or m? , . 

Ill2 

(v) Last but not least, the reported excess of 2 . 8(7 lo- 


^ By design, the CMS analysis does not report on the potentially 
possible flavor violating signature as such events are 

used to infer the tt background. It would be interesting to see if 
dropping this assumption had any impact; if there were genuine 
signal events, one might naively expect that the back¬ 
ground is currently overestimated and correcting for this would 
result in a larger excess and might possibly reduce the under¬ 
fluctuation of the fifijj event rate. 



cally is currently not high enough to be statistically sig¬ 
nificant. Nevertheless, the combination with other LHC 
excesses around the resonant mass M « 2 TeV provides 
motivation to explore the observed excess despite its in¬ 
sufficient significance. Other analyses in the context of 
LRSMs were performed in [40l I42H47] . The excess has 
also been discussed in wider theoretical contexts [1HH55] . 

It is indeed intriguing to consider that all the various 
excesses around 2 TeV can be understood within left- 
right symmetric scenarios |661167j . The different excesses 
can be summarized as follows: 

1. Diboson hadronic final states: Both ATLAS 
and CMS have performed searches for a resonance 
hadronically decaying into a pair of the SM gauge 
bosons [SlISS]. The jets emerging from the decays 
of the gauge bosons are nearly collinear and form 
a so called fat jet. The ATLAS search has a mild 
discrimination between fat jets emerging from the 
decays of W and Z. Consequently, the results can 
be interpreted as decays of a resonance into WZ^ 
ZZ and WW final states with overlapping events. 
ATLAS reports a local excess of 3.4cr, 2.9tT and 
2 .6 ct in these channels, respectively, in the region 
« 1.9 — 2.1 TeV, while CMS observes a 1.4cr excess 
at « 1.9 TeV with no discrimination between W 
and Z tagged jets. It should be noted that there are 
subtleties involved regarding the jet substructure in 
the experimental analysis, which could be improved 
in Run-2 as suggested in e.g. [55] . 

2. Diboson semileptonic final states: A CMS 

search m for a resonance decaying to SM gauge 
bosons with leptonically tagged Z sees an excess of 
1.5cr around 1.8 TeV. 

3. Gauge boson - Higgs final state: A CMS 

search El for a resonance decaying to SM W and 
Higgs H, where W decays leptonically and a highly 
boosted H decays to pair of b jets, sees an excess 
of 2.2cr around 1.8-1.9 TeV. 

4. Dijet final state: Both ATLAS and CMS observe 
an excess in the dijet distribution of the decay of a 
resonance to two jets around 1.8 TeV with a signif¬ 
icance of Icr and 2.2cr, respectively nnun]. 

Although the above searches see an excess in the similar 
mass bins and hence generate a lot of interest, many other 
searches which are also sensitive to the decays of a Wr 
do not see any excess: 

1. Diboson semileptonic final states: ATLAS 
performed a search for a resonant diboson decay 
with subsequent leptonic decays of W and hadronic 
decays of zm The search sees no excess of events 
around 2 TeV. ATLAS also performed a search in 
a diboson final state with leptonically decaying Z 
and hadronically decaying W [73] with no excess 
events seen. We do not attempt to explain the non¬ 
observation in this channel in our work. A possible 


way to reconcile results of this search with other 
excesses can be found in for example m- 

2. Gauge boson - Higgs final state: Both ATLAS 
and CMS performed searches for a resonance decay¬ 
ing to a SM gauge boson and a Higgs. While AT¬ 
LAS searches for leptonic decays of the gauge boson 
and the Higgs decaying to bb CMS searches for 
hadronic decays of the gauge boson and the Higgs 
decaying to rr and WW* |76l[77|. No excess events 
were seen in either search. 

3. Third generation quarks final states: Any 

heavy charged particle producing an excess in a di¬ 
jet final state should also result in signal with third 
generation SM quarks. Both ATLAS and CMS per¬ 
formed searches for a resonance decaying to top and 
bottom final states, where the top decays either 
hadronically [75] or semileptonically [751IH0]- Nei¬ 
ther of these searches report any excess of events. 

B. Theoretical prediction 

Understanding the diboson and dijet results in a com¬ 
mon LRSM framework has been attempted the recent 
work [44] . In order to combine them with an interpreta¬ 
tion of the CMS eejj excess, we use the following values 
for the fitted cross sections derived from the LHC ex¬ 
cesses HD, 

a{pp -^Wr^ WZ) = 5.9t^J fb, 
a{pp ^Wr^ WH) = fb, 

a{pp -^Wr^ jj) = 9i;^^ fb, 

(7{pp Wr —>■ tb) = Olg® fb. (28) 

The numbers for the individual channels were derived 
by summing over the bins around 1.8-2.1 TeV and per¬ 
forming a cut and count analysis on this enlarged signal 
region. The input for producing these numbers are the 
number of observed events, expected backgrounds, ef¬ 
ficiencies and systematic uncertainties, as published by 
ATLAS and CMS. 

In addition to the analysis in [33], we here also in¬ 
clude the CMS eejj excess in the analysis. We estimate 
the cross section a{pp Wr —>■ Ne —>■ eejj) by tak¬ 
ing into account the experimental efficiency e = 0.754 for 
Wr « 1.9 TeV and Nr « 1.6 TeV, cf. table A18 in |7]. 
The observed number of events is 14 with an expected 
background of 4 events. We assume all 10 signal events 
are within the resonance peak and hence derive a signal 
cross section of 0.66 fb. Clearly, the assumption that all 
signal events belong to the peak is an approximation. We 
also do not account for any systematic uncertainties or 
any other factors. However, in order to compensate for 
this, we assume a rather large error of 0.4 fb on the signal 
cross section, 

a{pp —>■ Wr —>■ Ne —>■ eejj) = 0.66lg4 fb. (29) 
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A detailed simulation of various processes is beyond 
the scope of this paper, but we attempt to demonstrate 
that the diboson and dijet excesses can be understood 
together with the CMS eejj excess within the context of 
LRSMs. The total cross section for and can be 
expressed as [83] 


a{pp Wr) 


12 s 



Mwr\ 

V~s ) 


fdu 




The function exp{-Bg^g^MwR/^/s) ap¬ 

proximates the PDF folded cross section of a resonant 
production with the fitting parameters in this case given 
by = 2750, = 37 and Ada = 1065, Bda = 36 

For = 1.9 TeV and ^/s = 8 TeV, this yields 
the cross section 



2 FIG. 3: Fitting the diboson WZ,WH (blue band), dijet jj+tb 

u(pp Wr) = 390 fb • (— ^ . (31) (green band) and eejj (red band) excesses in the {gnlgL- 

^ ' ygL/ '' ' AuOYr) parameter plane. The other parameters are chosen 

as Mwr = 1.9 TeV, Mr = 1.6 TeV and sin0£)j = 0. 


Right-handed Wr bosons decay as Wr qq, eN, WZ 
and WH, the latter two decays through the suppressed 
W boson mixing angle oc sin^ 0^. We assume that there 
is only one heavy neutrino N lighter than Wr and there 
are no other particles below Mwr- Neglecting SM par¬ 
ticle masses kinematically, the respective partial decay 
widths as enumerated in |44j are given as 


i 

r(W+ ^ e+AT) 
T{W^ W+Z) 
T{W+ W+H) 


IGtt 


M, 


Wr, 


9 r ^Wr f. _ ^‘n 
487r ^ 

9l j 2 gW ^Wr 
102 -k ’ 

^sin" 

1927r 


1+ X 


1 M; 


2 M 2 


The heavy neutrino decays for the eejj signature through 
the three-body decay N —>• ejj via an off-shell Wr. Al¬ 
lowing for the potentially sizable W boson (sin0]^) and 
LR neutrino (sin0^^ = 0ei, i.e. the coupling of the only 
accessible neutrino to the electron due to LR mixing) 
mixing, it may also decay as N ^ eW, v^Z and Vg^H 
[551155] . We assume that the heavy neutrinos are largely 
aligned with the charged lepton, i.e. the right-handed 
equivalent of the PMNS mixing matrix is close to unity 
and VNe ~ 1. In our calculations we treat the accessi¬ 
ble heavy neutrino as a Dirac particle. Again neglecting 
SM particle masses kinematically, the respective partial 


decay widths as discussed in [51157] are 

^9% 


20487r3 M^^ 


r(7V ^ e- ^ 

i 

, g^r SIT? OVr,-\-A t? OYr 

r(N e"W+ = ^ yR -M w 

^ ^ 647r '>'^2 




gRsii?9¥„ M% 

r(N VgZ) = 

647r cos2 9w 


T{N ZH) = 


glsiT?9YRMl 


647r 


LR WJ-R! 
~Mjj- 


(33) 


The above decay widths of Wr and N include all relevant 
couplings, especially the W — Wr and r — N mixing, con¬ 
sistently, which has not been done in previous analyses 
of the LHC excesses. Note, although we have given the 
formulas in the massless SM limit, we use the complete 
mass dependence in our calculation. It is also important 
to point out that we assume that the additional scalars in 
our model are heavier than Wr and Nr, and hence their 
decays are not present. In case such mass hierarchy is 
not possible, the decays of Wr,Nr to the heavy scalars 
should also be taken into account. 

Combining the Wr production cross section and the 
decay widths, we can compare the experimentally sug¬ 
gested cross sections in Eqs. ([2^ and (29) with the 


theoretical predictions expressed in terms of the model 
parameters pR, sin0)^, sin9 Yr and Mm- We assume 
that the Wr mass is given by Mwr = 1-9 TeV. Fig¬ 
ure [^ shows the compatibility of the theoretically pre¬ 
dicted cross sections with the experimentally suggested 
ranges in the PR/gL - parameter plane. The re- 
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FIG. 4: Fitting the eejj (red band) excess in the {Mn- 
sinO^ii) parameter plane. The other parameters are chosen 
as Mwft — 1-9 TeV, QrIql = 0.57 and smOYn ~ 1-5 x 10“®. 
The vertical green lines denote contours of constant Br(IFij —>■ 
eNfi) and the diagonal blue lines of constant Yix{Nii —>■ eqq) 
as denoted. 


values, the excess could be explained through the inclu¬ 
sion of large LR neutrino mixing up to sin OYr « 2 x 10“^, 
of the same order as the suggested LR W boson mixing. 
We thus demonstrate that by interpreting the excesses in 
such a simplified LRSM would have profound impact on 
the properties of the heavy neutrino. 

It is interesting to note that for such a sizable LR 
mixing, the heavy neutrino can dominantly decay via 
two-body left-handed current processes. The left-most 
blue contour in Fig. [^denotes a constant branching ratio 
Br(fV —>• eqq) = 5%, i.e. with the remaining 95%, the 
neutrino decays via a left-handed current process. This 
opens up the possibility that the eejj final state is not 
only produced through Wr eN — >• eeW^ — >■ eejj but 
also Wr —>■ eN —>• eeW —>■ eejj via a SM W. While the 
kinematics and topology, and thereby the selection effi¬ 
ciency in the respective search, are very much different 
for the latter process, it may be able to ‘pollute’ the eejj 
signal. Although a very tentative conjecture, this may 
explain the absence of a localized excess in the 
distribution of the eejj search. This situation is espe¬ 
cially expected to arise for fighter heavy neutrino masses, 
as this scenario favors the neutrino two-body decay and 
the resulting SM W would not be so strongly boosted, 
increasing the chance of reconstructing the jets. 


maining parameters are chosen as Mj\j = 1.6 TeV and 
sin0jv = 0. As can be seen and as has been noted in [Hj . 
the dijet excess (assuming compatibility with the non¬ 
observation of tb) points to a right-handed gauge coupling 
with gRjgL « 0.6 whereas the diboson excesses suggest a 
sizeable W boson mixing of « 1.5 x 10“^. It is now very 
interesting to see from our analysis that the eejj excess 
can be explained for the same values together with the 
diboson and dijet excesses. 

The diboson and dijet cross sections only depend 
weakly on the neutrino mass and the LR neutrino mixing. 
On the other hand, the eejj cross section delicately de¬ 
pends on these parameters through the branching ratios 
Br(ILA —)■ eN) and Br(Af —)■ eqq). The latter is a three- 
body decay and thereby suppressed as {Mri/M w^)^■ For 
a small neutrino mass, this decay has to compete with the 
two-body decays via left-handed current due to the small 
but sizable LR W boson mixing and the potentially siz¬ 
able LR neutrino mixing, cf. Eq. (331. The compatibility 
of the predicted eejj cross section with the observed ex¬ 
cess is shown in Fig.|^as a red band in the {Mri-sihOYr) 
parameter plane. The other parameters are fixed to fie in 
the ‘best fit’ intersection of Fig. The other excesses are 
compatible for this choice over the whole (M 7 v-sin 0 ^^) 
parameter plane within uncertainties. Also shown are 
iso-contours for the branching ratios Br(IFA —>■ eN) and 
Br(iV —^ eqq), the product of which results in the shape 
of the red region. For negligible LR neutrino mixing 
sinOYR « 0, there are two solutions: a large neutrino 
mass Mjv « 1.6 TeV (as used explicitly in Fig. and 
a small neutrino mass Mn « 0.3 TeV. In between these 


VI. CONCLUSIONS 

The excesses around the resonant energy of 2 TeV 
found in LHC searches are arguably the most promising 
hint for new physics to emerge at the LHC so far. While 
individually not very significant due to the large num¬ 
ber of LHC searches, their coincidence at around 2 TeV 
provides motivation to interpret them. In this work we 
have attempted to do so in a left-right symmetric model 
where the excesses are produced through the decays of a 
right-handed Wr boson with mass « 2 TeV. 

The right-handed charged Wr boson naturally arises 
in a left-right symmetric model with Higgs doublets and 
spontaneous H-parity breaking. Unlike manifest left- 
right symmetric models where the gauge couplings sat¬ 
isfy gR = gL, in the present case we have gR/gh ~ 0.6 
around the TeV scale. This value is predicted due to 
H-parity breaking in an 5'O(10) GUT embedding with 
Pati-Salam symmetry SU{2)l x SU{2)r x SU{4)c as its 
highest subgroup. The sub-eV neutrino masses are ex¬ 
plained via a linear seesaw, where the suppression of the 
neutrino masses come from the high Z?-parity breaking 
scale. The heavy neutrinos are pseudo-Dirac to a high 
degree, which means that no signs of lepton number vio¬ 
lation would be expected at the LHC. Indeed, 13 of the 
14 events in the pp —>■ eejj signal observed by CMS are 
opposite-sign electrons [7]. 

Due to the extra suppression of gR in our model, 
the Wr production decreases at the LHC. This helps 
to understand the eejj and jj excesses as shown in 
Fig.i Interpreting the diboson excesses as decays Wr 
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WZ,WH fixes the mixing of the W bosons to sin0)^ « 
10 “^, a value largely compatible with the model pre¬ 
diction sin0^ « (2gji/gL){My[//M]yj^)"^. It is worth¬ 
while to note that the indirect low energy bounds are 
also ameliorated in our model due to the smaller right- 
handed gauge coupling. For example, the strongest indi¬ 
rect bound on due to the K^ — Kg mass difference 

is roughly given by {gR/gLf{{2.b < 1 [SB]- 

In our model, the limit weakens to Mw^ ^ 1-5 TeV, 
compatible with the potential signal at Mw^ ~ 2 TeV as 
compared to the limit > 2.5 TeV in manifest LR 

symmetry. 

The main information on the heavy neutrino sector 
comes from the interpretation of the eejj excess through 
the decay Wr —>■ eN where the heavy neutrino N sub¬ 
sequently decays via an off-shell Wr as N ^ ejj. We 
work in a simplified scenario with a single heavy neu¬ 
trino lighter than Wr that has a potentially large mix¬ 
ing sin 6*1^^ < 10“^ with the light neutrinos, cf. Fig. 
We would like to highlight that such a large left-right 
mixing would induce large contributions to neutrinoless 
double beta decay via the so called A and g diagrams. 
In fact, Eq. (26 1 show that the limits from neutrinoless 
double beta decay are of the same order or better for 
Mwn = 2 TeV. Especially the g contribution results in a 
stringent constraint on the mixing between the light and 
heavy neutrinos for ~ 2 TeV and sin0]^ « 10“^. 

Taken at face value, the corresponding limit (0)°“^ < 10“® 
would restrict the parameter space to the bottom of Fig. 
with either Mj^ « 0.3 TeV or Mjv « 1.6 TeV. In com¬ 
paring LHC and neutrinoless double beta decay in this 
way we assume that the effective mixing parameters are 
of the same order, sinO^j^ ^ ( 0 )°'^, which could be vio¬ 
lated for non-trivial flavor mixing structures. Large W 
and neutrino mixing have the effect that at the LHC 
the purely right-handed current three-body decay of N 
is competing with left-handed current decays. This can 
have important implications when interpreting the eejj 
excess. 

We have performed the analysis of the recent excesses, 
including the CMS eejj excess in an effective LRSM 
framework that incorporates a single heavy neutrino N 
lighter than Wr and that consistently allows for non- 
universal gauge couplings gR ^ gh and potentially siz¬ 
able W — Wr and v — N mixing. Our results, specifically 
Figs. and 1^ apply to other models in such a context. 


If the excesses at around 2 TeV were to be confirmed 
by future data to originate from a Wr in a left-right 
symmetric context, it would have profound implications. 
The reach of LHC Run-2 for LRSM models for 13 TeV 
has been explored in a number of papers HSl iS [HI]. 
Due to a rapid increase in the production cross section 
of Wr, with a few fb“^ of data, it should be possible to 
confirm the presence of a Wr in the dijet channel. We 
have assumed that additional scalars in our model are 
heavier than shall this not be the case, the de¬ 

cays of Wr via additional scalars can also be explored 
at 13 TeV. The production of a heavy Zr also present in 
the model will be difficult because the ratio of gauge cou¬ 
plings is close the theoretically allowed limit and the mass 
of Zr increases rapidly in this regime. Even disregarding 
the wider impact on Beyond-the-Standard Model physics 
and the path of gauge unification, it would directly af¬ 
fect neutrino physics and imply that B — L violation and 
neutrino mass generation occurs at the TeV scale or be¬ 
low. Moreover, it will strongly disfavor models of high 
scale leptogenesis [84]. In such a case, the explanation 
of the baryon asymmetry of the universe could be found 
closely above or even below the electroweak scale . 

Moreover, the Wr predicted around 2 TeV can lead to 
an interesting dark matter phenomenology as explored 
recently [52]. 
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